ABSTRACT: Transgenic (Tg) mouse models of Alzheimer's disease (AD) have been extensively used to study the pathophysiology of this dementia and to test the efficacy of drugs to treat AD. The 5XFAD Tg mouse, which contains two presenilin-1 and three amyloid precursor protein (APP) mutations, was designed to rapidly recapitulate a portion of the pathologic alterations present in human AD. APP and its proteolytic peptides, as well as apolipoprotein E and endogenous mouse tau, were investigated in the 5XFAD mice at 3 months, 6 months, and 9 months. AD and nondemented subjects were used as a frame of reference. APP, amyloid-beta (Aβ) peptides, APP C-terminal fragments (CT99, CT83, AICD), β-site APP-cleaving enzyme, and APLP1 substantially increased with age in the brains of 5XFAD mice. Endogenous mouse tau did not show age-related differences. The rapid synthesis of Aβ and its impact on neuronal loss and neuroinflammation make the 5XFAD mice a desirable paradigm to model AD.
Introduction
Sporadic Alzheimer's disease (SAD), the most common neurodegenerative disorder, is neuropathologically defined by amyloid plaques and neurofibrillary tangles (NFT). The discovery of mutations in three genes that produce familial Alzheimer's disease (FAD), amyloid precursor protein (APP), presenilin-1 (PSEN1), and presenilin 2 (PSEN2), led to the development of the amyloid cascade hypothesis. This hypothesis contends that both SAD and FAD are caused by an excessive accumulation of amyloid-beta (Aβ) peptides as amyloid plaques in the extracellular space of the brain parenchyma and in cerebrovascular walls.
APP is a type 1 transmembrane protein whose gene is located on chromosome 21. This molecule is sequentially cleaved by β-site APP-cleaving enzyme (BACE)-1 and γ-secretase to generate Aβ peptides that accumulate in the brains of AD patients. 1 Presently, 33 APP mutations are known to result in amyloid accumulation (http://www.molgen.vib-ua.be/AD Mutations). APP is ubiquitously expressed in cells throughout the body and its proteolytic products are thought to be involved in many functions levels of BACE1 protein sharply increase with age in 5XFAD Tg mice, but without apparent changes in BACE1 messenger ribonucleic acid (mRNA) levels. [21] [22] [23] [24] BACE1 localizes within dystrophic presynaptic neuron terminals that surround the amyloid plaques, 22, 25 as does PSEN1 and APP. 23 The 5XFAD Tg mice express three fold more human APP molecules than endogenous mouse APP, and at 4-6 months, harbor enhanced levels of soluble Aβ oligomers compared to wt mice. 13 A key phenotypic feature of the 5XFAD Tg mouse is the generation of neuronal loss, an attribute that is demonstrated in few other FAD Tg mice. By 9-12 months of age, the 5XFAD Tg mice have significant neuronal loss, 12, 18, 26 which may begin to develop as early as 6 months. 18 The observed neuronal deficits coincide with the areas of most intense Aβ42 deposits. 18, 26 Starting at 4 months of age, these mice also have increased activity of the apoptosis marker caspase-3 in areas of neuronal loss, intraneuronal Aβ42, and amyloid plaques. 18 In addition, these mice exhibit motor and memory impairments, as well as reduced anxiety, related to neuronal loss and intraneuronal Aβ in layer 5 of some areas of the cerebral cortex, but sparing the hippocampus and the frontal cortex. 26 A transcriptome analysis of frontal cortex and cerebellum from 7-week-old 5XFAD Tg mice, prior to amyloid plaque appearance, revealed alterations in the expression of genes related to cardiovascular disease and mitochondrial dysfunction, which were not observed in wt mice. 27 The 5XFAD Tg mice also developed extensive astrogliosis and signs of neuroinflammation. 12, 28 Human AD patients exhibit a complex suite of specific biochemical pathologies and consequential global reactions that culminate in dementia. The construction of multigene Tg models has been driven by the desire to produce animals that recreate a broad array of the characteristic pathological alterations and deleterious reactions of SAD. We investigated Aβ accumulation, as well as the changes in APP/CT-APP in three different age groups of 5XFAD Tg mice. In addition, we examined the levels of BACE1, PSEN1, amyloid precursorlike protein 1 (APLP1), Fe65, apolipoprotein E (ApoE), and endogenous mouse tau in 5XFAD Tg mice. Human SAD and nondemented control (NDC) subjects were employed in this study to provide a frame of reference.
Materials and Methods
Human subjects. Gray matter from the frontal cortex was obtained from neuropathologically confirmed SAD (n = 3) and NDC (n = 3) subjects provided by the Banner Sun Health Research Institute Brain and Body Donation Program. 29 All operations have been approved by the Banner Health Institutional Review Board, and all subjects that enrolled in the Brain and Body Donation Program signed an informed consent form, approved by the Banner Health Institutional Review Board. All cases were male and ranged in age from 65-86 years.
Animals and brain harvest. The Tg6799 transgenic line of the 5XFAD mouse model of amyloidosis has been described previously, 12 and was maintained on a B6/SJL F1 hybrid such as the modulation of neuroprotection, neurogenesis, neuronal differentiation and migration, cell adhesion, synapse formation, neurite outgrowth, regulation of transcription, axonal transport, 2 and regulation of the coagulation cascade. [3] [4] [5] Gamma-secretase is a unique intramembrane protease complex responsible for amyloidogenic APP processing and is composed of PSEN1 or PSEN2, nicastrin, anterior pharynx-defective 1 (Aph-1), and presenilin enhancer-2 ( Pen-2). 6 One hundred and eighty-five mutations have been described for the PSEN1 gene, located on chromosome 14, while 13 have been described for the PSEN2 gene, located on chromosome 1 (http://www.molgen.vib-ua.be/ADMutations). Importantly, there is evidence that PSEN has additional functions unrelated to γ-secretase activity, such as controlling the levels of the epidermal growth factor receptor, neuronal survival promotion, neuronal protection, inhibition of apoptosis, and regulation of the phosphatidylinositol-3-kinase/Akt/glycogen synthase kinase-3 pathway. 7 Approximately 90 substrates for γ-secretase are known, and most are type 1 transmembrane signaling proteins that modulate a large number of cellular activities. 8 The discovery of FAD mutations enabled the development of multiple lines of APP and PSEN transgenic (Tg) mice 9 that have been extensively used for the development and testing of therapeutic interventions intended to modify the clinical course of SAD. 10 However, only a minority of dementia patients (less than 2%) suffer from genetically-determined early-onset FAD. Expression of specific FAD mutations produces strikingly diverse pathogenic consequences in the Tg animals. Transgenic mice overexpressing APP mutations result in extensive amyloid plaque deposition, while PSEN Tg mice do not accumulate amyloid plaques, despite the presence of greatly elevated levels of Aβ42. 11 However, PSEN Tg mice exhibit a broad range of neurodegeneration such as loss of neurons and synapses, as well as vascular pathology. 11 Combining PSEN mutations with APP mutations in Tg mice results in a more severe amyloid plaque deposition compared to APP alone. 11 An example of an enhanced amyloid pathology model is the 5XFAD Tg mouse. 12 This Tg mouse line contains five FAD mutations: PSEN1 M146L, PSEN1 L286V, APP K670N/ M671L (Swedish), APP I716V (Florida), and APP V717I (London). [12] [13] [14] [15] [16] [17] Detectable levels of Aβ42 are seen in these mice as young as 1.5 months, and the levels rapidly increase with age, resulting in the formation of amyloid plaques by 2 months. 12, 13, 18 Aβ40 is also detected in these mice and increases with age, but not to the same magnitude as Aβ42. 12, 17 The 5XFAD Tg mice exhibit cognitive deficits starting at about 4 months of age. [12] [13] [14] [15] [16] [17] The appearance of aggregated intraneuronal Aβ immediately prior to amyloid plaque emergence suggests that amyloid plaques originate from intraneuronal Aβ deposits in these animals. 12, 19 In 5XFAD Tg mice, intraneuronal Aβ42 colocalizes with markers of both endosomes and lysosomes. 18, 20 APP and its C-terminal (CT) proteolytic peptide CT99, are sharply increased in the brains of 5XFAD Tg mice compared to wild type (wt) controls. 17, 21 In parallel with APP, the according to the manufacturer's instructions. Total mouse tau was also measured with an ELISA kit from Life Technologies Corporation, which utilizes antibodies that capture and detect total tau, regardless of the protein's phosphorylation state. Western blot analysis. All steps were completed at 4°C. Approximately 100 mg of human gray matter from the frontal lobe or one hemisphere of mouse cerebral cortex (all males) was homogenized in 1,000 µL of radioimmuno precipitation assay buffer (Sigma-Aldrich) containing a PIC (Roche Diagnostics) and PhosSTOP (phosphatase inhibitor cocktail; Roche Diagnostics) using an Omni TH electric grinder. After centrifugation at 14,000 × g for 20 minutes in a Beckman 22R centrifuge, the supernatant was collected and total protein determined with a Micro BCA protein assay (Pierce Biotechnology). The proteins were heated for 10 minutes at 80°C in NuPage 2XLDS sample buffer (Life Technologies) with 50 mM of dithiothreitol and a total of 40 µg of protein was then separated on 4%-12% Bis-Tris gels (Life Technologies) with NuPage 1XMES-SDS run buffer (Life Technologies) containing NuPage antioxidant (Life Technologies). A prestained molecular weight marker (Kaleidoscope; Bio-Rad Laboratories, Hercules, CA, USA) was loaded onto each gel. After transferring the proteins onto nitrocellulose membranes (0.45 µm pore) with NuPage transfer buffer (Life Technologies) and 20% methanol, the membranes were blocked in 5% Quick-Blocker (G-Biosciences, Maryland Heights, MO, USA) in PBS and 0.5% Tween 20. The primary and secondary antibodies used for Western blots are detailed in Table 1 . All primary and secondary antibodies were diluted in the same blocking buffer.
To detect the APP intracellular domain (AICD), the methods of Pimplikar and Suryanarayana 30 were employed. In brief, Western blots were performed as described above with the following changes: 1) 65 µg of total protein was loaded background. For brain harvest, mice of 3 months, 6 months, or 9 months of age were transcardially perfused with cold phosphate buffered saline (PBS) containing protease and phosphatase inhibitors, including 20 mg/mL of phenylmethylsulfonyl fluoride (Sigma-Aldrich, St Louis, MO, USA), 500 ng/mL of leupeptin (MP Biomedicals, Santa Ana, CA, USA), 20 mM of sodium orthovanadate (MP Biomedicals), and 10 mM of dithiothreitol (Sigma-Aldrich). A hemibrain from each mouse was dissected, snap-frozen in liquid nitrogen, then stored at -80°C until used for biochemical analysis. Procedures were performed with Northwestern University Institutional Animal Care and Use Committee approval.
Aβ40, Aβ42, and tau ELISA quantification. The following steps were all performed at 4°C. One hemisphere of Tg mouse cerebral cortex was gently homogenized with a Teflon tissue grinder (Sigma-Aldrich) in 800 µL of 20 mM Tris-HCl, 5 mM ethylenediaminetetraacetic acid, pH 7.8, with a protease inhibitor cocktail (PIC; Roche Diagnostics, Mannheim, Germany). The mixture was then centrifuged at 430,000 × g for 20 minutes in a Beckman TLA 120.2 rotor (Beckman Coulter, Inc, Fullerton, CA, USA) and the soluble Aβ supernatant was collected. The remaining insoluble pellets were rehomogenized in 800 µL of 5 M guanidine hydrochloride (GHCl), 50 One software (Bio-Rad Laboratories) was implemented to determine the density of each band with the units being reported in intensity × mm. Statistical analyses. Statistical calculations for ELISA data were performed using GraphPad Prism version 5 (GraphPad Software, Inc., La Jolla, CA, USA). Group comparisons were analyzed using the nonparametric Kruskall-Wallis test followed by a Dunn's multiple comparison test. This method was used given the small sample size.
Results and Discussion
ELISA quantification of Tris-soluble and GHCl-soluble Aβ40 and Aβ42 pools in whole brain homogenates of 5XFAD Tg mice revealed relatively low quantities of these peptides at 3 months of age, which increased sharply at 6 months and reached higher levels at 9 months ( Fig. 1; Table 2 ). per lane; 2) proteins were transferred to 0.2 µm nitrocellulose membranes; 3) after transfer, antigen retrieval was performed by completely drying the membranes then boiling them in 1XPBS for 5 minutes; and 4) oversaturation of polyclonal CT20APP (pCT20APP; EMD Millipore, Billerica, MA, USA) and monoclonal CT20APP (mCT20APP, Covance) antibody concentration (1:1,000) .
The proteins under study were visualized with Super Signal West Pico Chemiluminescent substrate (Pierce Biotechnology), CL-Xpose film (Pierce Biotechnology), and Kodak GBX developer and fixer (Sigma-Aldrich). All membranes were stripped with Restore TM Western Blot Stripping Buffer (Pierce Biotechnology) and reprobed with anti-actin antibodies (Table 1 ) as a total protein-loading control. A GS-800 calibrated densitometer (Bio-Rad Laboratories) was used to digitize the films. The trace quantity feature in Quantity Formulations: tris = 20 mm tris-hcl, 5 mm eDtA, ph 7.8 buffer; ghcl = 5 m guanidine hydrochloride, 50 mm tris-hcl, ph 8.0 buffer. total tau is the sum of tris-and ghcl-soluble tau. statistical analyses were performed using a Kruskal-Wallis test. total Aβ is the sum of Aβ40 and Aβ42 for both tris-and ghcl-soluble fractions. Abbreviations: Aβ, amyloid-beta; sem, standard error of the mean.
As previously reported, 12 female 5XFAD Tg mice had higher Aβ levels than males, and this gender trend became more apparent as the mice aged ( Fig. 1; Table 2 ).
In agreement with previously published observations, [21] [22] [23] [24] BACE1 levels increased with age among the 5XFAD Tg mice, with an average 3.3-fold elevation observed between 3 months to 9 months of age ( Fig. 2A ; Table 3 ). The mean amount of BACE1 in the 9-month-old Tg mice was similar to the mean observed in the SAD cohort ( Fig. 2A ; Table 3 ). PSEN1, a doublet band at 55 kDa on Western blots, was overexpressed in 5XFAD Tg mice in comparison to human SAD and NDC subjects, but they exhibited no further change in levels in the 5XFAD aging brain ( Fig. 2B ; Table 3 ). Western blots confirmed that APP levels increased with age in the 5XFAD Tg mice (Fig. 2C) . The 9-month-old Tg mice overexpressed APP 6.4-fold above the mean levels observed in human SAD and NDC subjects ( Fig. 2C; Table 3 ). Even at 3 months, the 5XFAD Tg mice had 2.3 times more APP than the human subjects ( Fig. 2C; Table 3 ). Likewise, APLP1, also a substrate of γ-secretase, [31] [32] [33] increased with age in the 5XFAD Tg cohort (Fig. 2D) . There was a 6.2-fold increase in APLP1 levels among mice between 3 months and Biochemistry insights 2013:6 see table 3 . Abbreviations: BAce, β-site APP-cleaving enzyme; APLP, amyloid-precursor-like protein; ct, c-terminal; APP, amyloid precursor protein; Apoe, apolipoprotein e; sAD, sporadic Alzheimer's disease; nDc, nondemented controls; m, months; se, short exposure; Le, long exposure.
9 months of age ( Fig. 2D; Table 3 ). The human cases (mean of NDC and SAD) contained similar quantities of APLP1 as the 9-month-old 5XFAD Tg mice ( Fig. 2D; Table 3 ). Although APLP1 may not be directly altered by the transfected genes in this Tg model, the observed elevation of APLP1 with age may affect transcription of other APP family members since APLP1, by sequestering the adaptor protein Fe65, regulates the nuclear translocation of the intracellular domains of APP and APLP2. 34 In the 5XFAD Tg mice the Fe65 molecule is modestly elevated at 9 months of age compared to 3-and 6-month-old mice ( Fig. 2E ) but, intriguingly, at 9 months of age, the 5XFAD Tg mice had, on average, about 4.5-fold more Fe65 than the mean amount detected in SAD and NDC ( Fig. 2E; Table 3 ), although there is considerable variation in the levels of this protein in human subjects.
CT-APP fragments were dramatically increased in 5XFAD Tg mice relative to humans (Fig. 2F) . Furthermore, production of the amyloidogenic precursor of Aβ peptides, the APP-CT99 fragment, increased with Tg mouse age (Fig. 2F) . In addition, in the 5XFAD Tg mice, CT99 production was enhanced relative to the level of CT83, the precursor of the nonamyloidogenic P3 fragment (Aβ17-40/42) (Fig. 2F) . Modifications to the Western blot technique, such as increased total protein, overloading of antibody concentration and antigen Data from Western blots shown in Figure 2 . Films were scanned with a gs-800 calibrated densitometer (Bio-rad Laboratories) and the trace quantity feature in Quantity one software (Bio-rad Laboratories) was used to determine the density of each band. the units are reported in intensity × mm. Abbreviations: m, months; sAD, sporadic Alzheimer's disease; nDc, nondemented control; BAce, β-site amyloid precursor protein cleaving enzyme; APP, amyloid precursor protein; APLP, amyloid precursor-like protein; Apoe, apolipoprotein e.
retrieval, allowed for the detection of the elusive AICD in 6-and 9-month-old Tg mice, which was detected by both mCT20 APP (Fig. 2G ) and pCT20 APP (Fig. 2H) antibodies, following the increasing age-related pattern of Aβ, CT99, and CT83 production. The AICD was below the limit of detection in our human samples ( Fig. 2G and Fig. 2H ) and most likely requires a massive overproduction of APP and PSEN by genetic manipulations to be observed in Western blots. Difficulties in the detection of the AICD may be due to its short half-life 35 or to its interaction with about 20 known proteins, as reviewed by Pardossi-Piquard and Checler, 36 which could mask the AICD antigenic determinants required for antibody detection. As mentioned above, the AICD is a transcription factor that binds to Fe65. This interaction may be responsible for controlling the proteolytic processing of APP, since increases in the levels of Fe65 also increase the levels of Aβ. 37 The preferential production of the APP-CT99 fragment may reflect the fact that BACE1 levels also increased with advancing age (Fig. 2A) , there by favoring the generation of amyloidogenic Aβ peptides. Although the BACE1 protein increases with age in 5XFAD Tg mice, BACE1 mRNA levels have been reported to remain unchanged. [21] [22] [23] [24] This may be due to an increase in the efficiency of RNA translation or to enhanced BACE1 stability or activity. Nevertheless, production of CT99 (Fig. 2F) , Aβ (Fig. 1) , and AICD ( Figs. 2G and 2H) concomitantly increase. When 5XFAD Tg mice were crossed with BACE1 -/-mice, Aβ40, Aβ42, and soluble oligomeric Aβ levels decreased to levels typically seen in wt mice, while the APP and PSEN1 amounts remained high. 13 Interestingly, 5XFAD Tg mice crossed with BACE1 -/-did not exhibit neurodegeneration, neuroinflammation, memory difficulties, or amyloid plaque deposition, suggesting that Aβ contributes directly to neuron loss and other deleterious cellular events in this model. 28 Although SAD is classically linked to abnormal amyloid accumulation, additional evidence suggests that the induction of neurotoxicity may be mediated by the direct participation of both Aβ and CT-APP fragments operating through alternative pathophysiological mechanisms. 38 The neurotoxic effects in 5XFAD Tg mice may reflect the increased production of free or membrane-bound toxic CT99 species (Fig. 2F) , the main precursor of the AICD. 39 This gross disturbance of the APP processing equilibrium may have the additional dual consequence of enhancing production of the AICD ( Figs. 2G  and 2H ), which may directly induce the expression of genes leading to apoptosis, [40] [41] [42] [43] or favoring the generation of neurotoxic peptides such as the proapoptotic APP-CT31, released by caspase proteolysis. [44] [45] [46] mice utilize a combination of well-characterized genes present in early-onset FAD to induce a specific and swift upsurge in amyloidogenic APP processing, leading to increased Aβ and CT-APP peptide production, including the AICD, with potential pathologic activities. The 5XFAD Tg mice exhibit a range of behavioral and biochemical phenotypes associated with AD (importantly, neuronal loss). However, these mice do not mimic all facets of human AD, most notably exhibiting a lack of NFT. 12 Although it seems likely that the FAD genes utilized in these mice partially duplicate key molecular cascades observed in AD, the biochemical pathways may have been profoundly perturbed. For example, the 5XFAD model exhibit unusual responses such as intracellular and extracellular Aβ in the spinal cord, 26 and alterations of genes related to cardiovascular disease and mitochondrial dysfunction as early as 7 weeks. 27 In particular, the PSEN/γ-secretase activities impact an extraordinarily broad range of substrates, 8 with potentially grave pleiotropic interactions on vital neuronal, glial, and vascular functions. 11, [58] [59] [60] Transgenic mice have been successfully utilized in the exploration of specific disease mechanisms to examine protein interactions and to define unique biochemical pathways associated with AD pathology. However, mouse models have demonstrated limitations in their ability to successfully predict drug efficacy in humans. [61] [62] [63] Specifically, many Aβ-targeted therapies rescue amyloid pathology and memory deficits in AD Tg mouse models, but do not translate to humans for the treatment of AD. Potentially, APP Tg mice may recapitulate an early stage of AD, while humans with AD have much more advanced and complicated disease conditions and, thus, are refractory to Aβ-targeted therapy. In addition, this conundrum could be a consequence of the vast phylogenetic distance that separates humans from rodents in terms of anatomy, physiology, and life span, and the immense complexity of the human brain that culminated in the creation of our culture.
The levels of ApoE were modestly increased with age (1.7-fold) between the 3-and 9-month-old 5XFAD Tg mice ( Fig. 2I; Table 3 ). In AD, as well as in other APP Tg mice models, endogenous ApoE colocalizes with amyloid plaques and substantially increases with age as Aβ accumulates in these lesions. 47 The dynamic coexistence of these molecules suggests that ApoE is an essential component for Aβ accumulation and may act as a transporter and/or inducer of amyloid fibrillar polymerization. In the absence of ApoE in general or, specifically ApoEε4, some APP Tg mice exhibit a significant delay in Aβ deposition, an observation that lends support to these contentions. [48] [49] [50] One hypothesis relating to the neurodegenerative etiology and evolution of SAD is that excessive amyloid deposition induces tau hyperphosphorylation, which results in NFT accumulation. [51] [52] [53] Intriguingly, no corresponding elevations in Tris-soluble ( Fig. 3A; Table 2 ) or GHCl-soluble ( Fig. 3B ; Table 2 ) mouse endogenous tau were observed in 5XFAD Tg mice with increasing age. Although, no NFT or p-tau staining was observed in 5XFAD Tg brain sections using the AT8 antibody, 12 the presence of other p-tau epitopes by either immunohistochemistry or Western analysis has not been investigated in this model. The inability of massive Aβ loads to cause NFT in 5XFAD Tg mice may reflect species differences in tau or in the induction of NFT. Alternatively, it is possible that amyloid plaques and NFT simply form independently of each other and therefore do not accumulate in a sequential manner in the 5XFAD Tg mice.
54-57

Conclusions
The 5XFAD Tg mice rapidly recapitulate a portion of the pathologic alterations present in human SAD and FAD. In particular, the putative Aβ-reactive phenotypes in these mice make them desirable models to assess the rapid synthesis of Aβ and its impact on neuronal loss and neuroinflammation. These 
